T he adoptive transfer of bulk populations of tumor-infiltrating lymphocytes (TIL) 2 with antitumor reactivity can mediate the regression of cancer in patients with metastatic melanoma (1) (2) (3) . Although objective responses were observed in many of the recipients, the lack of response observed in some patients, as well as the limited duration of many of these responses, led to attempts to further enhance these treatments. Many factors such as the heterogeneity of the infused TILs, the phenotype of the growing tumors, and variations of in vivo inflammatory environments may be responsible for the differences in clinical responses (4 -6) . We have thus investigated the fate of the transferred T cell populations to better understand the mechanism of tumor regression in melanoma patients after adoptive cell transfer.
The autologous cells used in adoptive cell transfer immunotherapy are derived from pre-existing T cell responses in vivo. The analysis of the in vivo presence of effector T cells has been primarily conducted using Abs directed against families of the TCR ␤-chain V region (TRBV) gene products and have provided evidence that a limited number of clones specifically expand in vivo in response to tumor (7) . Additional studies using panels of oligonucleotide primers designed to specifically amplify sequences derived from individual TRBV families (8) indicated that particular TRBV gene families were preferentially amplified from melanoma metastases obtained following IL-2-based immunotherapy (9) . Regressing lesions obtained from four melanoma patients isolated following IL-2 treatment contained one or two dominant T cell clones (10) . TRBV rearrangement studies indicated that DNP vaccine induced the expansion of particular T cell clones in melanoma metastases (11) . CDR3 spectratyping analyses showed that a high frequency of T cell clonal expansions occurred in primary human melanoma (12) .
Techniques based on the use of TRBV primers have also been used to follow the fate of adoptively transferred T cell clones. In one trial conducted using T cell clones that recognized the melanoma Ag, MART-1, adoptively transferred T cells were monitored using a highly sensitive PCR-based technique that used an oligonucleotide primer based on the CDR3 region sequence of the expressed TRBV gene product. This method, which was capable of detecting one cell in between 10 3 and 10 5 total lymphocytes, detected transferred cells in the peripheral blood of two of the treated five patients tested between 2 and 5 days following transfer (4). These clones were not, however, detected between 2 and 3 wk following transfer, and no clinical responses were observed in this trial. In a separate clinical trial conducted with antitumor T cell clones, evidence was presented indicating that T cell clones reactive with either MART-1 or gp100 peptides persisted at levels of between 1 and 2% of the peripheral blood CD8 ϩ T cells for up to 14 days following adoptive transfer to melanoma patients, but no objective clinical responses were observed (13). It is not clear whether the levels of T cell engraftment were insufficient to mediate tumor regression, or if the function of these cells was inhibited in vivo.
The expressed TRBV genes were used to characterize lymphocyte persistence in our most recent clinical trial that used transfer of autologous antitumor T cells into melanoma patients following a nonmyeloablative chemotherapy designed to enhance the engraftment of adoptively transferred T cells. Six of the 13 patients that were treated with this regimen demonstrated objective clinical Surgery Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892 responses, and four other patients demonstrated mixed responses (1) . Analysis of the TRBV sequences by FACS using a panel of TRBV-specific Abs revealed that distinct HLA-A2-restricted MART-1-reactive T cell clones also underwent significant expansion following adoptive transfer in two of the patients in this trial who demonstrated nearly complete regression of multiple metastases. Each of the two clones represented over 50% of the T cells in the peripheral circulation of the two treated patients for periods greater than 4 mo. The antitumor response observed in these patients provided preliminary evidence that the persistence of adoptively transferred tumor-reactive T cells was associated with tumor regression.
Because Abs are available that can recognize only about half of TRBV families, this approach provided an incomplete analysis of the presence and persistence of the T cells in TIL and PBL. This report describes studies that were conducted using a 5Ј RACE technique to amplify all TRBV families and thus analyzed the presence of all T cells in the original tumor tissues as well as the persistence of T cells following adoptive transfer to patients following nonmyeloablative chemotherapy. The results demonstrated that dominant T cell clones were present in cultured TIL samples and persisted in the patients following adoptive cell transfer. Unexpectedly, these persistent T cell clonotypes were either undetected or present at a very low level in the original tumor samples used for TIL generation. The results provide further evidence that tumor regression may be associated with the in vivo persistence of individual tumor-reactive T cell clones that are suppressed in the native tumor and can be activated and expanded both by in vitro culture and in vivo growth following cell transfer. 
Materials and Methods

Patient samples
RNA isolation
Total RNA was prepared from the fresh resected tumor samples, TIL samples, and PBL samples using the RNeasy Mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Total RNA solutions were quantitated by spectrophotometer and the quality was verified by gel electrophoresis.
5Ј RACE analysis of TRBV gene expression
The IMGT TRBV gene nomenclature was used in this research (available at http://imgt.cines.fr/textes/IMGTrepertoire/LocusGenes/nomenclatures/ human/TRB/TRBV/Hu_TRBVnom.html). 5Ј RACE analysis of TRBV gene expression was conducted by SMART RACE cDNA Amplification kit (BD Biosciences/Clontech, Palo Alto, CA) according to the manufacturer's instructions. Briefly, 3 l of total RNA solution (0.5 g of RNA) for each sample was used in 10 l of reverse transcription mixture containing 1 mM dNTP mix, 1 M SMART II A oligonucleotide, 1 M 5Ј-RACE CDS primer, 2 M DTT, 1ϫ first-strand buffer, and 100 U of PowerScript reverse transcriptase for cDNA synthesis. After incubation at 42°C for 1.5 h in a PTC-200 Peltier Thermal Cycler (MJ Research, Watertown, MA), the reverse transcription mixture was diluted with 100 l of 10 mM tricine-EDTA buffer, heated at 72°C for 7 min, and stored at Ϫ20°C. A total of 2.5 l of diluted reverse transcription mixture was used in 50 l of PCR mixture containing 1 mM dNTP mixture, 1ϫ Advantage 2 PCR buffer, 1ϫ Advantage 2 polymerase mix (Advantage 2 PCR kit; BD Biosciences/Clontech), 1ϫ universal primer A mix (UPM), and 0.4 M 3ЈTCRBCN primer. 3Ј TCRBCN primer anneals the C region of the TCR ␤-chain, and its sequence is 5Ј-CGA GGT AAA GCC ACA GTC T-3Ј. PCR was performed by the initial five cycles of 30 s at 94°C and 2 min at 72°C, 25 cycles of 30 s at 94°C, 30 s at 65°C, and 2 min at 72°C, and the final cycle of 10 min at 72°C in a PTC-200 Peltier Thermal Cycler.
A total of 20 l of PCR product for each sample was separated by electrophoresis using 2% agarose E-Gel (Invitrogen Life Technologies, Carlsbad, CA). Amplified bands of ϳ700 bp were purified and eluted with 8 l of water using a Zymoclean Gel DNA Recovery kit (Zymo Research, Orange, CA). A total of 4 l of the eluted sample was used for cloning and transformation with the pcDNA3.1/V5-His TOPO TA Expression kit (Invitrogen Life Technologies). After overnight culture of bacterial plates at 37°C, at least 96 separate bacterial colonies were transferred into 96-well deep plates with 1 ml of Super Broth (BioSource International, Camarillo, CA) and 100 g/ml ampicillin for each well. After overnight culture at 37°C under 300 rpm shaking, plasmid DNA samples were prepared from 96-well deep plates using a QIAprep 96 Turbo Miniprep kit (Qiagen).
A total of 2 l of plasmid DNA sample (0.5 g DNA) was added in 20 l of PCR containing 1ϫ BigDye Terminator version 1.1 (Applied Biosystems, Foster City, CA) and 0.32 M TCR-CB-50R primer. TCR-CB-50R primer is a nested primer annealing the constant region of TCR ␤-chain, and its sequence is 5Ј-TC TGA TGG CTC AAA CAC AG-3Ј. PCR was performed by the first cycle of 1 min at 96°C, and 25 cycles of 10 s at 94°C, 5 s at 50°C, and 4 min at 60°C. PCR products were cleaned using a DyeEx 96 kit (Qiagen). After drying of cleaned PCR products at 72°C for 1 h, the PCR products were dissolved in 10 l of formamide and analyzed by an automated DNA sequencer (ABI PRISM 3100-Avant Genetic Analyze; Applied Biosystems). The sequence data were analyzed by comparison with known TRBV sequences using Vector NTI Suite 8 (InforMax, Frederick, MD).
RT-PCR of TRBV20-1 gene expression
A total of 5 l of diluted reverse transcription mixture from the 1803Tu sample, which was the same sample for 5Ј RACE analysis, was used in 50 l of PCR mixture containing 1 mM dNTP mixture, 1ϫ Advantage 2 PCR buffer, 1ϫ Advantage 2 polymerase mix (Advantage 2 PCR kit; BD Biosciences/Clontech), 0.4 M 3Ј TCRBCN primer, and 0.4 M TRBV20-1-specific primer. TRBV20-1-specific primer anneals the V region of the TRBV20-1 ␤-chain, and its sequence is 5Ј-GCT GAT GGC AAC TTC CAA TG-3Ј. PCR was performed by the initial five cycles of 30 s at 94°C and 2 min at 72°C, 30 cycles of 30 s at 94°C, 30 s at 58°C and 2 min at 72°C, and the final cycle of 10 min at 72°C in a PTC-200 Peltier Thermal Cycler. PCR product was purified, cloned, and sequenced as 5Ј RACE analysis. The sequences of the D region of TRBV20-1 were analyzed using Vector NTI Suite 8 (InforMax).
IFN-␥ release assay
A total of 1 ϫ 10 5 T cells were cocultured with 1 ϫ 10 5 tumor cells in a 96-well flat plate with 200 l of T cell assay medium (RPMI 1640 supplemented with 2% human serum, 2 mM glutamine, 10 mM HEPES buffer, 0.55 mM 2-ME, and 20 cetus unit (CU) IL-2) in a humidified incubator at 37°C and 5% CO 2 for 20 h. The concentration of IFN-␥ in the supernatant was determined by ELISA using a mAb against human IFN-␥ (Endogen, Woburn, MA).
1803BV7-2 and 1803BV20-1 T cell sorting
1803BV7-2 and 1803BV20-1 T cell clones were sorted from the 1803TIL sample by the CELLection Pan Mouse IgG kit (Dynal, Lake Success, NY) using anti-human TCR V␤6.7-FITC mAb (Endogen) and anti-human TCR V␤2-PE mAb (Beckman Coulter, Miami, FL) respectively, as the TRBV7-2 gene product is recognized by the TCR V␤6.7 Ab, whereas TRBV20-1 gene product is recognized by the TCR V␤2 Ab. After sorting, the purity of the T cells was confirmed by FACS analysis and 5Ј RACE analysis of TRBV gene expression. Sorted 1803BV7-2 and 1803BV20-1 T cells as well as 1803BV7-2 and 1803BV20-1 depleted T cells were rested in T cell growth medium (RPMI 1640 supplemented with 10% FCS, 2 mM glutamine, 10 mM HEPES buffer, 0.55 mM 2-ME, and 50 CU IL-2) in a humidified incubator at 37°C and 5% CO 2 for 1 wk, and then their activities against tumor cells were determined by IFN-␥ release assay.
2023BV24-1 and 2023BV30 T cell cloning
2023BV24-1 and 2023BV30 T cells were cloned from the TIL 2023 sample by limiting dilution. Briefly, five cells per well were seeded in 96-well round-bottom plates with 200 l of X-Vivo 15 medium (Cambrex, Baltimore, MD) supplemented with 10% FCS, 10 mM HEPES buffer, 0.55 mM 2-ME, 50 CU IL-2, 3 g/ml OKT3, and 5 ϫ 10 4 allogeneic PBMC. After 2 wk of culture, T cells from growth positive wells were transferred into new 96-well round-bottom plates, and tested for the ability to release IFN-␥ in response to autologous 2023mel tumor cells. The TRBV gene products expressed by tumor-reactive T cell clones were identified using 5Ј RACE analysis of TRBV gene expression.
Clinical response evaluation
All patients underwent computed axial tomography of the chest, abdomen, and pelvis before adoptive cell transfer and 2 mo after the treatment. For each patient, the sum of the longest diameters of all tumors (World Health Organization Response Evaluation Criteria in Solid Tumors) before and after therapy was calculated. A partial response was defined as a decrease of Ն50% (but Ͻ100%) in the sum of the longest diameters of all evaluable metastases lasting Ն1 mo with no new or enlarging tumors.
Results
Comparison of TRBV gene expression in TIL and tumor samples
Initial studies were focused on the analysis of the TRBV gene products expressed by populations of TIL that were administered to patients following treatment with a nonmyeloablative chemotherapy regimen. A 5Ј RACE protocol was devised that uses a TRBV C region primer to amplify gene products expressed in polyclonal T cell populations in an attempt to obtain an unbiased, quantitative measurement of the representation of individual clones present in these cells. Studies conducted on the in vitrocultured TIL 1803 indicated that a single dominant rearranged TRBV sequence derived from the TRBV20-1 germline gene represented ϳ65% of the sequences amplified from this TIL. The dominant TRBV20-1 sequence-corresponding T cell clone was designated as 1803BV20-1. Cell surface staining conducted using an Ab directed against the TCR Vb2 gene product, which corresponds to TRBV20-1, revealed that this gene product was expressed by ϳ68% of TIL 1803 T cells, similar to the results of the 5Ј RACE analysis. Sequences derived from each of the individual TRBV germline genes represented between 5 and 10% of the 5Ј RACE amplified products that were derived from the uncultured 1803 tumor sample (Fig. 1) . A comparison of the CDR3 unique junctional region sequences revealed that none of the sequences present in the cultured TIL 1803 were identical to those found in the uncultured tumor sample. For example, three different rearranged sequences derived from the TRBV20-1 germline gene were isolated from the 1803 tumor sample, but these sequences were distinct from the dominant sequence present in TIL 1803 (Fig. 2) .
Similar studies conducted with TIL 2023 indicated that ϳ80% of the TRBV sequences amplified from this TIL corresponded to a single rearranged transcript derived from the TRBV24-1 germline gene (Fig. 3) . The dominant TRBV24-1 sequence-corresponding T cell clone was designated as 2023BV24-1. Abs directed against the TRBV24-1 gene product are not available, however, and thus a correlation could not be established between the 5Ј RACE results and FACS analysis in TIL 2023. As observed for the samples obtained from patient 1803, none of the sequences amplified from the uncultured 2023 tumor sample corresponded to the sequences amplified from cultured TIL 2023 (data not shown). Taken together, these results suggest that T cells that predominate in populations of TIL are present at only a very low frequency in the uncultured tumor samples that were used to derive the TIL and were thus not seen by sequencing 96 clones from the fresh tumor.
Further studies were then conducted to determine the frequency of T cells in the uncultured tumor samples, which corresponded to the dominant clone in TIL 1803. The TRBV20-1 sequences were amplified from 1803Tu using a primer specific for this gene product by RT-PCR and 64 amplified products of the TRBV20-1 family were sequenced. These results indicate that 1 of the total of 64 cDNA products sequenced corresponded to the sequence present in TIL 1803 (Table I) . As 11% of the sequences amplified from 1803Tu were derived from the TRBV20-1 gene, ϳ0.2% of the sequences from the uncultured 1803 tumor corresponded to the dominant sequence isolated from TIL 1803. The results demonstrate that certain T cell clones that are represented at relatively low levels in tumor samples preferentially expand during in vitro culture, in some cases actually becoming the dominant clone.
In vivo persistence of T cell clones derived from TIL following adoptive transfer
The presence and persistence of T cells in the peripheral blood of patients following adoptive TIL transfer were then evaluated using the 5Ј RACE technique. The analysis of peripheral blood samples obtained from patient 1803 indicated that two rearranged sequences derived from the TRBV7-2 and 20-1 germline genes were identical to sequences present in the administered TIL 1803 (Fig.  4) , indicating that a minimum of two T cell clones that were derived from this TIL persisted in vivo following adoptive transfer. The relative frequency of the TRBV7-2-expressing clone, designated 1803BV7-2, which comprised only 8% of the TRBV sequences in the administered TIL, increased in the peripheral blood to ϳ60% of the total, and was maintained at relatively high levels for 8 wk, at which time it represented 40% of the peripheral T cells. Representation of the TRBV20-1-expressing T cells (1803BV20-1), which comprised ϳ65% of the T cells in TIL 1803, appeared to dramatically decline 1 wk following transfer, at which time it only represented ϳ4% of the total T cell repertoire. The relative levels of this clone then appeared to increase in vivo, and at 8 wk represented ϳ20% of the T cells in the peripheral blood of patient 1803. These results provide evidence for the selective survival and in vivo growth of individual clones present in the infused TIL samples following adoptive transfer.
Analysis of samples from patient 2023 indicated that the dominant administered clone expressing TRBV24-1 (2023BV24-1) comprised ϳ80% of the T cells present in TIL 2023 as well as 80% of the T cells 1 wk following transfer (Fig. 4) . The relative representation of this clone in the peripheral blood of patient 2023 then declined to a level of 3% at 2 and 4 wk following adoptive transfer, and was not detected 8 wk following transfer. Another clone expressing TRBV29-1 (2023BV29-1) represented 1% of the sequences present in TIL 2023 and appeared to increase up to 8% of the sequences obtained from PBL 4 wk following transfer and decrease to 2% of the T cells present in PBL 8 wk following transfer. Approximately 11% and 1% of the sequences amplified from the resected tumor sample obtained 4 wk following adoptive transfer corresponded to 2023BV24-1 and 2023BV29-1 TRBV sequences, respectively (Fig. 4) . T cells expressing the 2023BV24-1 TRBV sequence comprised only 3% of the T cells in the peripheral blood at this time, suggesting that they may have selectively accumulated in tumor tissue and played a role in mediating tumor regression.
The sequences obtained from TIL were compared with those derived from PBL samples obtained before adoptive transfer in an attempt to determine whether they were present at detectable levels in peripheral blood before therapy. The result indicated that the persistent clone 1803BV20-1 comprised ϳ2% of the total T cells present in the peripheral blood of patient 1803 8 days before adoptive transfer. In addition, the persistent 2023BV29-1 clone was present at a level of ϳ4% in the peripheral blood of patient 2023 7 days before adoptive transfer. Thus, while the ablation may have eliminated or significantly reduced the number of cells in the peripheral blood of patients 1803 and 2023 corresponding to the 1803BV20-1 and 2023BV29-1 clones, respectively, it is formally possible that some or all of the cells detected in the peripheral blood of these patients following adoptive transfer represented cells that were relatively resistant to the nonmyeloablative chemotherapy and that repopulated the peripheral blood and not T cells that were derived from the transferred TIL.
Tumor reactivity of persistent T cell clones
Attempts were then made to determine whether or not the T cell clones that persisted following adoptive transfer were tumor reactive. An autologous tumor cell line was not available from the 1803 tumor, however, TIL 1803 T cells recognized uncultured 1803 tumor as well as the allogeneic 888mel cell line that shared expression of HLA-A1 with 1803 tumor cells but not 888EBV-B cells (Fig. 5A) . Ab blocking assays confirmed that the recognition of uncultured 1803 tumor cells and 888mel tumor cells by TIL 1803 T cells were restricted by HLA-A1 (data not shown). Further studies were then conducted using the 888mel cell line due to the limited availability of uncultured 1803 tumor cells. The 1803BV7-2 and 1803BV20-1 T cells were then isolated from TIL 1803 by positive selection using anti-V␤6.7 and anti-V␤2 Abs, respectively, and tested for their ability to respond to 888mel. The results indicated that the predominantly persistent 1803BV7-2 T cells strongly recognized 888mel cells, whereas 1803BV20-1 T cells failed to recognize this cell line. In addition, the T cells that were depleted of 1803BV7-2 T cells only weakly recognized 888mel, whereas the T cells that were depleted of 1803BV20-1 T cells responded similarly to the unseparated TIL 1803 (Fig. 5A ). 1803BV20-1 T cells were sorted by FACS to a purity of 99.34% and showed no recognition of 888mel when tested using an IFN-␥ release assay, which was also confirmed by an intracellular IFN-␥ staining assay of TIL 1803 (data not shown). These results indicate that the 1803BV7-2 T cell clone that persisted at a high level in vivo in patient 1803 following adoptive transfer was tumor-reactive. The 1803BV20-1 clone may be reactive to a tumor Ag exclusive to the 1803 tumor though insufficient 1803 tumor cells were available for testing this.
TIL 2023 T cells recognized the autologous 2023mel cell line as well as the allogeneic 624mel, 1088mel, 1907mel, and 1909mel cell lines that shared expression of HLA-A2 with autologous tumor cells (Fig. 5B) . Limiting dilution studies resulted in the isolation of a 2023BV24-1 clone as well as a TRBV30 clone (2023BV30) that was not a persistent T cell clone, but a 2023BV29-1 clone was not obtained, presumably because it was represented at a relatively low frequency in this TIL. The 2023BV24-1 clone recognized the autologous melanoma cell line but failed to recognize any of the allogeneic melanoma cell lines that were tested, whereas the 2023BV30 clone recognized the allogeneic cell lines but only weakly recognized the autologous melanoma cell line. Thus, the 2023BV24-1 clone that persisted in vivo in patient 2023 following adoptive transfer was tumor-reactive.
Clinical responses observed following adoptive transfer
An objective partial response of metastatic lesions in the lung, lymph nodes, and intra-abdominal and i.m. sites was observed in patient 1803 (Fig. 6A) . A partial response of multiple s.c. and lymph node metastases was observed following treatment of patient 2023 (Fig. 6, B and C) . The observation that at least one tumor-reactive T cell clone, clone 1803BV7-2, persisted in patient 1803 following adoptive transfer, and a tumor-reactive clone, AGA GCC GAC AGG GGG AA 6/64 TRBV20-1-4
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clone 2023BV24-1, persisted in patient 2023 following adoptive transfer is compatible with the hypothesis that these persistent T cells played an active role in mediating the tumor regression that was observed in these patients (Table II) .
Discussion
This represents the first report in which 5Ј RACE analysis of TRBV gene expression was used to characterize the repertoire of T cells following adoptive cell transfer. Because the Ag-specific TCR repertoire exhibited a restricted V␣ chain usage and usage of a variety of V␤ chains (14, 15) , TRBV is a preferred marker to define the TCR repertoire in TIL samples. TCR ␣-chains result from the rearrangement of V genes and J genes, whereas TCR ␤-chains result from the rearrangement of V genes and J genes as well as D genes. Several reports showed that TCR ␣-chains played a dominant role in Ag recognition, and a specific TCR ␣-chain paired with multiple TCR ␤-chains maintained the same T cell function (14, 15) . Therefore, TCR ␤-chains are more diversified and have been analyzed in this report. 5Ј RACE analysis of TRBV gene expression demonstrated that dominant T cell clones, 1803BV20-1 and 2023BV24-1, were detected in the TIL samples from melanoma patients 1803 and 2023, respectively (Figs. 1 and  3 ). 5Ј RACE analysis of TCR V␣ gene expression showed similar results (data not shown). These dominant clones were either undetected or present at a very low level in the fresh tumor samples that were used to generate these TILs (Table I; Figs. 2 and 3) . The data indicate that in vitro culture resulted in preferential expansion of certain clones from a relatively small number of T cells in the original tumor samples. In in vitro culture conditions, anti-CD3 Ab (OKT3) and IL-2 were used to drive nonspecific T cell proliferation (16) . Therefore, T cell populations with a high capacity for cell division expanded preferentially during the TIL generation culture. In addition, selective growth and persistence of certain T cell clones appears to have occurred in vivo following adoptive cell transfer. For example, 1803BV7-2 T cells accounted for 8% of T cells in the administered TIL but ϳ60% of the total T cells in the peripheral blood obtained at 1 or 2 wk after adoptive transfer and then maintained at a high frequency for more than 2 mo (Fig. 4) .
Tumor Ag stimulation, cytokine regulation, and homeostatic expansion may be involved in the selective growth and persistence of T cell clones in vivo following adoptive cell transfer (17) (18) (19) . Thus, selective growth both in vitro and in vivo of individual T cell clones in melanoma patients following adoptive cell transfer resulted in striking differences in clonotypes represented in the fresh tumor and in the cultured TIL.
Tumor-reactive T cell clones, 1803BV7-2 and 2023BV24-1, were present in the cultured TILs from patient 1803 and patient 2023, respectively (Figs. 1, 3, and 5 ). However, these tumor-reactive T cell clones were not detected in the original tumors by 5Ј RACE analysis of TRBV gene expression, indicating that the tumor-reactive T cell clones in the TILs are only minimally present in the original tumors. In our studies, between 96 and 192 clones were sequenced each sample for TRBV gene expression analysis. Thus, T cell clonotypes present at a level Ͻ1% could have easily been missed. In a previous study, a TCR V␤16 gene segment was strongly overexpressed at the site of a spontaneously regressive melanoma, suggesting that clonal expansion of TRBV16 T cells occurred locally and antitumor responses might take place in regressing melanoma (20) . Results obtained from the analysis of 12 different autopsy specimens of tumor tissue from three patients with metastatic melanoma showed an overall predominance of a very limited number of TRBV transcripts at very high frequencies (21). In these reports, however, the tumor reactivity of dominantspecific TRBV-expressing T cells was not evaluated. Singlestranded conformational polymorphism analysis indicated that a TCR V␤2-expressing antitumor cytotoxic T cell clone was dominant in the fresh tumor tissue, but these cells were incapable of preventing tumor cell progression (22) . RT-PCR analysis conducted using TRBV primers capable of amplifying each of the individual TRBV genes indicated that relatively few TRBV-gene families were expressed at significant levels in both the regressive and progressive regions of the same primary human malignant melanoma (23) . Moreover, comparison of the T cell clonotypes present in different melanoma lesions from individual patients demonstrated that multiple clonotypic TCR transcripts were present in all cases at low levels and the T cell infiltration of malignant melanoma was exceedingly heterogeneous (24) . Therefore, it seems that tumor-reactive T cells are naturally present in melanoma tumor tissues at low levels, suggesting that in vivo accumulation of antitumor CTLs is usually not sufficient to eradicate growing melanomas.
The situation may be quite different, however, following adoptive cell transfer that may result in in vivo accumulation of antitumor T cells in the tumor sites at a level high enough to cause tumor regression. This is evidenced by the fact that in patient 2023 ϳ11% of the sequences amplified from the resected tumor sample obtained 4 wk following adoptive transfer corresponded to the tumor-reactive 2023BV24-1 TRBV sequence in the administered TIL 2023 (Fig. 4) , however, 2023BV24-1 TRBV sequences were not detected in the original tumor resected before adoptive cell transfer (Fig. 3) .
In this report, using 5Ј RACE analysis of TRBV gene expression, we found that the tumor-reactive T cell clone, 1803BV7-2, persisted in patient 1803 for more than 2 mo at a high frequency after adoptive cell transfer, whereas the tumor-reactive T cell clone, 2023BV24-1, persisted in patient 2023 at a high frequency for 1 wk, decreased dramatically after 1 wk and was not detected in the peripheral blood in 2 mo after adoptive cell transfer (Fig. 4) . Clinical observation indicated that patient 1803 had an objective partial response with progressive tumor regression after adoptive transfer (Fig. 6A) , and patient 2023 had the partial response after adoptive transfer (Fig. 6, B and C) . Thus, there was an association between the clinical outcomes and the persistence of tumor-reactive T cell clones after adoptive cell transfer. FACS analysis and tetramer staining demonstrated that the persistent clonal repopulation of MART-1-reactive T cells could be responsible for tumor destruction in melanoma patients after adoptive transfer of autologous tumor-reactive TILs (1). These results suggest that the persistence of tumor-reactive T cell clones is associated with tumor regression.
In summary, the results of this study demonstrate that 5Ј RACE analysis of TRBV gene expression is a powerful tool for analyzing individual T cell subpopulations and monitoring the presence and persistence of adoptively transferred lymphocytes in patients with melanoma. This method may provide a means to analyze the TRBV diversity in patients bearing tumors of different histologies as well as in patients with autoimmune diseases. The results in this paper demonstrate that there is selective growth and survival, both in vitro and in vivo, of individual T cell clones from a relatively small number of T cells in the original tumor samples.
